Abstract.-The Pueblito de Allende meteorite contains only 0.1-0.5 ppm of solvent-extractable carbon, most or all of which is due to terrestrial contamination. Determinations of the total carbon content gives values from 0.23 to 0.35 per cent. The presumed indigenous insoluble carbon is thus present in a ratio of 2300: 1 relative to contaminant carbon. A sample of the meteorite was extracted with a deuterated solvent containing benzene: methanol (4:1 w/w) to remove contaminants and then was subjected to pyrolysis-gas chromatography-mass spectrometry to investigate the nature of the remaining carbon. The pyrolysis products (about 20 ppm) consisted chiefly of aromatic and substituted aromatic hydrocarbons. The pyrolysis results were confirmed by oxidative thermal analysis which showed that the bulk of the carbon present was a macromolecular structure and not graphite. This suggests that an insoluble nongraphitic condensed aromatic polymer is indigenous to the meteorite. The origin and precise chemical structure of this material has not been determined, but it bears a superficial resemblance to coal-like structures.
The Pueblito de Allende meteorite, a new and interesting chondrite, fell on February 8, 1969 in Chihuahua, Mexico. The preliminary analysis reported by King et al. ' suggests that it is a type C3 or C4 chondrite. Despite the rapid and careful collection of fragments of the meteorite, there is little doubt that at least the exterior is terrestrially contaminated, as was elegantly demonstrated by Han et al. 2 The suggestion has been made by Or6 et al.3 that organic matter extracted from other meteorites is probably contaminated. If the Pueblito de Allende meteorite could have been contaminated so rapidly, then the solvent-extractable organic matter from other meteorites of older terrestrial history is suspect, and thus of limited value. However, the amount of contamination in this meteorite is extremely small relative to its total carbon content. Han et al.2 report that the surface layer contains 0.1-0.5 ppm of extractable organic material and estimate that the potentially indigenous organic matter does not exceed 0.1 ppb, yet King et al.' report a total carbon content of 0.27 per cent.
This apparent discrepancy provides us with an unusual opportunity to study a meteorite of very recent terrestrial history in which the level of contamination for at least one large fragment has been established as no greater than 1 ppm, and in which the ratio of extractable contaminant carbon to total carbon is less than 1: 2300. The remaining carbon must therefore be either some form of elemental carbon or inorganic carbon compound, a contaminant which has been converted to an insoluble form, or indigenous insoluble organic material. It is difficult to con-ceive of a reaction which would convert intrusive organic matter to an insoluble form in so short an exposure time, as witness the appreciable amount of extractable organic matter found even in ancient sediments.3' 4 The nature of the unextractable organic carbon fraction in the Pueblito de Allende meteorite forms the subject of this paper.
Analytical Methods.-Samples of the meteorite have been analyzed by differential thermal analysis, a combined technique of pyrolysis-gas chromatography-mass spectrometry, and by vacuum pyrolysis directly into the mass spectrometer. The pyrolysisgas chromatography-mass spectrometry technique has been developed at the Jet Propulsion Laboratory for the organic analysis of Martian soil by an eventual Mars lander. With this technique it has been possible to distinguish clearly material of recent biological origin from meteoritic organic matter. 5 Several samples of the meteorite were obtained by one of us (J. Or6) from Dr. E. A. King for analysis. In the preliminary experiments conducted at the University of Houston, less than 1 ppm of extractable organic matter was recovered from the meteorite by Soxhlet extraction with benzene-methanol according to a standard procedure. Figure 1 ; differential thermal analysis curves of various rank coals and graphite are included for comparison. The reference coal and graphite samples (Wards Scientific Co.) were finely ground and diluted to 1 per cent by weight in powdered basalt in order to approximate the carbon distribution in the meteorite. The differential thermal analysis curves 1 and 2 of Figure 1 show a large organic exotherm with a peak temperature of 550'C which is intermediate between the peak combustion temperature of bituminous and anthracite coals (5400C and 5900C, respectively), but considerably below the 8250C peak of graphite. A combustion temperature of 550'C is notably higher than the temperature at which low-molecular-weight organic matter is oxidized, and highly indicative of a macromolecular structure. An X-ray diffraction analysis of a freshly exposed piece of the meteorite also gave no indication of the presence of graphite. The sensitivities of the differential thermal analysis and X-ray methods are such that if any graphite is present its concentration is likely to be < 1 per cent of the total carbon. The close qualitative and semiquantitative similarity of the curves before and after solvent extraction confirms that little if any material is removed by extraction with conventional solvents. Various sulfide minerals, such as troilite and pentlandite which are reportedly present in the meteorite,14' 15 can also give exotherms under oxidative decomposition. However, a 1 per cent mixture of troilite in basalt gave a differential thermal analysis exotherm at a peak temperature of 6300C, while a comparable mixture of pentlandite gave a very VOL. 64, 1969 broad exotherm of low magnitude from 400-700'C. It is interesting to note that the small endotherm at 1850C on curves 1 and 2 ( Fig. 1) is a phase change also observed in the troilite sample at these heating rates; this suggests that troilite may contribute a small component to the high temperature portion of the organic exotherm.
(2) Pyrolysis-gas chromatography-mass spectrometry: The combined technique used in this investigation and its applicability to meteorites have been described in detail plsewhere.5 To summarize the method, 20 mg of the powdered sample (in a '/16 in. outside diameter stainless steel tube) was pyrolyzed in a helium atmosphere by heating to 5000C in 15 seconds. The pyrolysate was separated by capillary gas chromatography and analyzed by mass spectrometry. Figure 2 shows a chromatogram of the pyrolysate of the unextracted meteorite. A sample of graphite pyrolyzed under identical conditions gave no detectable products. The majority of the pyrolysis compounds were identified as aliphatic and aromatic hydrocarbons by comparison of their mass spectral fragmentation patterns with reference spectra. The three major products are benzene, toluene, and xylene with intermediate amounts of propene, thiophene, and styrene. The presence of these benzenoid components emphasizes the problem of selecting a suitable solvent for extraction of the soluble organic fraction. We chose to extract the meteorite with a mixture of benzene: methanol (4: 1) w/w in which both solvents were fully (leuterated to avoid possible interference in subsequent pyrolyses. After 12 hours extraction in an all-glass Soxhlet apparatus (previously cleaned in hot chromic acid), the sample was dried in vacuo to remove excess perdeuterated solvents; and then 20 mg of the extracted sample was pyrolyzed as before. The compounds identified by mass spectrometry, before and after extraction of the meteorite, are compared in Table 1 , together with the approximate yield of each product. An estimate of the relative weights, derived from a comparison of the relative mass spectral intensities is given in the case of mixtures which were unresolved by gas chromatography. The total yield of pyrolysis products is about 20 ppm.
The pyrolysate is composed mainly of aromatic and substituted aromatic the absence of N-heteroatomic fragments during pyrolysis of the insoluble fraction. It is unlikely that there would be major differences in elementary composition between an insoluble polymeric form and the lower-molecular-weight material which would presumably have contributed to its formation. It is more reasonable to assume that the nitrogenous fragments observed are due to secondary processes, such as contamination of the meteorite. The low-molecular-weight hydrocarbons may arise from the fragmentation of aliphatic bridges within the polymer, although it is also possible that they are formed by thermal degradation of unbound longer chain hydrocarbons. The thiophene series of products have also been observed in the pyrolysate of the Murray meteorite.5' 8 Unfortunately, their synthesis during pyrolysis cannot be precluded since the Pueblito de Allende meteorite contains about 2 per cent sulfur. 18 Although perdeuterated benzene and methanol were both observed after pyrolysis of the extracted meteorite, it is important to note that no excess deuterium was found in any of the other pyrolysis products. The absence of deuterium substitution in such compounds as biphenyl suggests that secondary reactions under the pyrolysis conditions used are minimal.
(3) Vacuum pyrolysis-Direct mass spectrometry:'9 A 100-mg sample of the meteorite was progressively heated in the ion source of a MS 9 mass spectrometer at ambient temperature, 650, 1250, 2600, 3700, 5500, and 750'C, at a source pressure of 1 X 10-I torr; mass spectra were recorded continuously for 40 min.
Approximately 24 per cent of the total recovered organic material was obtained below 200'C and included toluene and xylene as major components. Figure 3 shows the change in ion intensity as a function of temperature for some of the more prominent ions in the spectrum. The low-temperature (presumably volatile) and the high-temperature (pyrolyzed) regimes are clearly evident. Ions with masses 77, 78, and 91, 92 are most likely due to benzene and toluene, respectively. Of particular interest is the appearance, at relatively low tem- peratures, of ions with masses 43, 57, and 71 which are generally indicative of alkanes. Similarly, ions at masses 41, 55, and 69 are typical olefin fragments, which only reach their maximum abundance at temperatures which cause thermal degradation.
Ions of mass 128 and 142 are most likely the molecular ions of naphthalene and methyl naphthalene which reach a maximum concentration at about 3750C.
The complete mass spectra recorded at 1250 and 550'C are compared in Figure 4 which illustrates both the increase in mass number and total yield of products as a result of pyrolysis.
Discussion. It is apparent that future work on meteorites should include detailed studies of any solvent-unextractable macromolecular structures. An interesting approach in this direction has already been made by Bitz and Nagy27 in their degradation studies of the kerogen fraction of the Orgueil meteorite.
